INTRODUCTION {#SEC1}
============

Disorders of meiosis often result in dire consequences, such as infertility ([@B1]). During meiotic prophase I, associations between homologous chromosomes (homologs) are established to ensure the exchange of genetic information and the correct division of homologs in the subsequent cell division steps. To this end, chromosomes are tethered to the inner nuclear membrane (INM) through telomeres and move along the INM throughout meiotic prophase I ([@B8],[@B9]). In mammals, meiotic telomeres connect to the cytoskeleton through the transmembrane linker of the nucleoskeleton and cytoskeleton (LINC) complex, which is composed of SUN-KASH domain proteins. The SUN domain protein SUN1 interacts with telomeres at the INM, whereas the KASH domain proteins interact with cytoplasmic motors at the outer nuclear membrane (ONM) ([@B10]). During meiotic prophase I, telomere attachment to the nuclear membrane is achieved through the formation of a chimeric complex of TERB1/2-MAJIN and telomere shelterin. By releasing shelterin, the chimeric complex matures into DNA-bound TERB1/2-MAJIN, forming a direct link between telomeric DNA and the INM ([@B13],[@B14]).

These transmembrane linkages conduct cytoskeletal forces to telomeres, and this process drives chromosome movement ([@B15],[@B16]). The telomeres attach to the INM during the late-preleptotene stage, followed by moving and transiently clustering adjacent to the centrosome, forming a structure termed 'bouquet' ([@B17]). The telomere bouquet is thought to directly facilitate homologous chromosome pairing, synapsis and homologous recombination by bringing the ends of chromosomes into close proximity and coalignment, and an aberrant bouquet is always related to the failure of meiosis ([@B18]). Mammalian telomeres are composed of repetitive TTAGGG DNA sequences and are bound by a six-protein shelterin complex consisting of TRF1, TRF2, RAP1, TIN2, TPP1 and POT1 ([@B27]). While shelterin components, such as TRF1, are reportedly degraded by ubiquitin-dependent proteolysis ([@B28]), the molecular mechanism underlying the dynamic changes in the telomere-bound shelterin complex during meiotic prophase I remains largely elusive.

Ubiquitination by the ubiquitin proteasome system (UPS) is a post-translational modification that governs diverse cellular processes, such as cell proliferation, cell cycle progression, transcription and apoptosis. The UPS exerts its biological functions through a cascade of enzymatic reactions, which are catalyzed by the ubiquitin-activating E1 enzyme, the ubiquitin-conjugating E2 enzyme and the ubiquitin--protein E3 ligase. Crucially, the ubiquitin--protein E3 ligase determines the specific substrate targeted for ubiquitination and subsequent degradation ([@B29],[@B30]). We identified a meiosis-specific member of the F-box protein family ([@B31]), FBXO47 (F-box only protein 47). F-box proteins consist of at least two major functional domains: an F-box motif and a carboxy-terminal domain. First identified in F-box only 1 (FBXO1) ([@B32]), the F-box motif is a protein-protein interaction domain that recruits F-box proteins to the SKP1-cullin1-F-box protein (SCF) E3 ligase complex via direct binding to the adaptor protein SKP1 ([@B33]). The carboxy-terminal domain binds to specific substrates.

While mutation of a limited homolog of FBXO47 in *Caenorhabditis elegans*, *prom-1*, has been shown to impair homologous synapsis during meiotic prophase I ([@B34]), the role of FBXO47 in mammalian meiosis remains to be explored. In this study, we found that FBXO47 interacts with TRF1/2 and prevents ubiquitin-dependent proteolysis of TRF2. Loss of FBXO47 caused the failure of chromosomal synapsis near telomeres, aberrations in telomere-protecting proteins and arrest of telomere movement during the 'bouquet stage', highlighting the importance of FBXO47 in the protection of telomere ends.

MATERIALS AND METHODS {#SEC2}
=====================

Animals {#SEC2-1}
-------

Mice were maintained in a controlled environment at 20--22°C with a 12 h light/dark cycle, 50--70% humidity, and food and water ad libitum. *Fbxo47* knockout mice were originally transferred from the Knockout Mouse Project (KOMP) consortium and were bred at the animal center of the Animal Core Facility of Nanjing Medical University. To evaluate the reproductive performance of different males, the mice were individually housed with different females for 9 days, and the males were then paired with different females for an additional 9 days. Females with the presence of copulation plugs were observed for pregnancy and litter size.

Generation of *Fbxo47-flag* mice by using CRISPR/Cas9 {#SEC2-2}
-----------------------------------------------------

Cas9 mRNA was produced and purified as described previously ([@B35]). In brief, the Cas9 plasmid (Addgene No. 44758) was linearized with *Age*I, and the digestion product was purified using the MinElute PCR Purification Kit (QIAGEN, 28004). Cas9 mRNA was produced by transcription *in vitro* using the mMESSAGEmMACHINE^®^ T7 Ultra Kit (Ambion, AM1345) and purified using the RNeasy Mini Kit (QIAGEN, 74104) according to the manufacturer\'s instructions. The sgRNA was designed in proximity to the *Fbxo47* gene stop codon. The target sequence of sgRNA was 5′-ACGCTATCTCTTCCTAAGTCAGG-3′. The two complementary DNA oligos were annealed and ligated to the *Bsa*I-digested pUC57-T7-sgRNA vector. The sgRNA plasmid was linearized with *Dra*I and purified using the MinElute PCR Purification Kit (QIAGEN, 28004). sgRNA was produced using the MEGAshortscript™ Kit (Ambion, AM1354) and purified using the MEGAclear Kit (Ambion, AM1908) according to the manufacturer\'s instructions. The donor ssDNA sequence is shown in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. The donor ssDNA sequence was 5′-CGAACTTCCATAAGGAGGTGCTGTATCTGACCATGAACGCTATCTCTTCCGGATCCGATTACAAGGATGACGACGATAAGTAAGTCAGGAAGCTTGTGTCCCTCTGGACTGGCATTCAGGGGAGTGATGC-3′, included a 56 bp left arm and a 58 bp right arm (including a stop codon) at the position of the stop codon and 1 \*flag sequence with 6 linked GGATCC nuclease sites. Mouse zygotes were co-injected with Cas9 mRNA (25 ng/μl), sgRNA (15 ng/μl) and donor ssDNA (1 μM). The injected zygotes were transferred into pseudo-pregnant recipients. The newborn mice (7 days old) were tagged by a toe cut, and DNA was extracted using the Mouse Direct PCR Kit (Biotool, B40013). PCR amplification was carried out with primers (Forward: ATATGTTCCTGAGCCGCATGTTAA, Reverse: ACCAAGACCTGAAGAGCCAGAA) using PrimeSTAR HS DNA Polymerase (Takara, DR010A) under the following conditions: 95°C for 5 min; 10 cycles of 95°C for 30 s, 68°C (--1°C/cycle) for 30 s, and 72°C for 30 s; 25 cycles of 95°C for 30 s, 58°C for 30 s and 72°C for 30 s; and a final step of 72°C for 5 min. The PCR products were subjected to Sanger sequencing.

Antibodies {#SEC2-3}
----------

Rabbit antibodies specific for SYCP3 (ab15093), RPA (ab87272), SUN1 (ab103021), H2A (ab18255), H2B (ab1790) and LAMIN B1 (ab16048) and mouse antibodies specific for SYCP3 (ab97672), γH2AX (ab26350) and TRF1 (ab10579) were purchased from Abcam. A rabbit antibody specific for DMC1 (sc-22768) was purchased from Santa Cruz Biotechnology. Rabbit antibodies specific for TRF2 (NB110-57130) and SYCP1 (NB300-229) were purchased from Novus Biologicals (Lihhleton, CO, USA). Mouse antibodies specific for α-tubulin (T9026) and FLAG (F1804) were purchased from Sigma-Aldrich. The rabbit antibody specific for the DDDDK-tag (PM020) that was used for co-immunoprecipitation was purchased from Medical & Biological Laboratories (Nagoya, JP).

The generation of the antibody specific for SHCBP1L has been previously described ([@B36]). The anti-FBXO47 antibody recognizes the peptide corresponding to the amino acid sequence DLDLPGTKEETALLE-C of FBXO47.

Real-time quantitative PCR (qPCR) analyses {#SEC2-4}
------------------------------------------

Total RNA was extracted from mouse tissues using the RNeasy Plus Micro Kit with on-column DNase digestion (Qiagen Ltd., 74034). Samples were homogenized with a heat-sterilized Teflon micropestle in 350 μl of RLT buffer and 4 μl of β-mercaptoethanol. RNA was extracted following the manufacturer\'s protocol with on-column DNase I treatment. To avoid RNA degradation, all centrifugation steps were carried out at 4°C, and the samples were kept on ice during the entire procedure. The RNA was eluted in 14 μl of RNase-free water. cDNA synthesis was carried out on 1 μg of total RNA, using the PrimeScript RT reagent Kit (TaKaRa Bio Inc., RR037A). The tube was incubated for 15 min at 37°C, followed by heat-inactivation of the reverse transcriptase for 5 s at 85°C. SYBR green-based qPCR was performed using a qPCR machine (StepOnePlus, Applied Biosciences). Each cDNA amplification was performed in triplicate. The results were analyzed using StepOnePlus Real-Time PCR Systems. The primers used for qPCR analyses are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}, and 18S rRNA was used as an internal control.

Histological analysis {#SEC2-5}
---------------------

For H&E staining, testes were fixed in modified Davidson\'s Fluid (30% of a 37--40% stock solution of formaldehyde, 15% ethanol, 5% glacial acetic acid and 50% distilled H~2~O) and embedded in paraffin. Sections were cut at a thickness of 5 μm. The sections were then deparaffinized, rehydrated, stained with H&E, dehydrated, and mounted.

Ultrastructural examination has been described previously ([@B37]). Briefly, 4% (vol/vol) glutaraldehyde-fixed tissues were postfixed with 2% (w/v) OsO~4~ and embedded in araldite. Ultrathin sections (80 nm) were stained with uranyl acetate and lead citrate and analyzed by EM (JEM. 1010, JEOL).

For focused ion beam scanning electron microscopy (FIB-SEM; Carl Zeiss AG), the tissues embedded in araldite were coated with a thin layer of gold using a Cressington 108Auto system. FIB-SEM was used to collect 3D data. The focused ion beam milled the cross-section, and the scanning electron beam imaged the newly milled cross-section. The XY pixel size was 10 nm, and the Z interval was 20 nm.

Western blot analysis {#SEC2-6}
---------------------

Western blotting was performed as described previously with a modification ([@B38]). Briefly, protein extracts were prepared using lysis buffer (7 M urea, 2 M thiourea, 2% (w/v) DTT) in the presence of 1% (v/w) protease inhibitor mixture (Pierce Biotechnology). The proteins were separated by SDS-PAGE and transferred onto a polyvinylidene difluoride membrane. The membrane was blocked with 5% nonfat milk in a TBST solution for 2 h at room temperature and incubated overnight at 4°C with primary antibodies. The membranes were washed with TBST buffer three times and incubated at room temperature for 2 h with secondary antibodies. The signals of the detected proteins were visualized with the SuperSignal West Femto Chemiluminescent Substrate Western Blotting detection system (Thermo Scientific).

Immunofluorescence staining of paraffin-embedded sections, spermatocytes and nuclear spread {#SEC2-7}
-------------------------------------------------------------------------------------------

For paraffin-embedded sections, the samples were deparaffinized and rehydrated. After three 10 min washes with PBS, heat-induced antigen retrieval was carried out by boiling the slides in 10 mM citrate buffer (pH 6.0) with a microwave oven for 10 min. After three 10 min washes with PBST (0.1% Tween-20 in PBS), the slides were incubated with 5% BSA diluted in PBST for 1 h and then with the indicated antibodies overnight at 4°C.

Immunostaining of spermatocytes was performed based on a previous study with modifications ([@B39]). Briefly, testes were digested with collagenase IV at 37°C for 10 min and a trypsin-EDTA solution at 37°C for 15 min and then washed briefly in PBS. After washed several times with PBS, The cell pellets were resuspended in hypotonic buffer (30 mM Tris, pH 7.5, 17 mM Tris sodium citrate, 5 mM EDTA and 50 mM sucrose) for 5 min at room temperature and then fixed by adding the same volume of fixation buffer with detergent (1% PFA, with 0.1% Triton X-100). The fixed cell suspensions were placed on slides and air-dried.

For nuclear spread analysis, testicular tubules were extracted in a hypotonic treatment buffer (30 mM Tris--Cl pH 8.5, 50 mM sucrose, 17 mM sodium citrate, 5 mM EDTA, 50 mM DTT, 10 mM PMSF) for 30 min at roomtemperature. Cells were resuspended in 0.1 M sucrose and were then spread on a thin layer of paraformaldehyde solution containing Triton X-100 for 3 h. After fixation, the slides were air-dried at room temperature.

For immunofluorescence, the samples were washed three times with PBST (0.1% Tween-20 in PBS) for 10 min each. The slides were incubated with 1% BSA diluted in PBST for 1 h and then with the indicated antibodies overnight at 4°C. After incubation with the secondary antibody at room temperature for 2 h, the slides were incubated with Hoechst 33342 for 5 min. Finally, the slides were washed in PBS and then mounted with glycerol. The slides were viewed with an LSM700 confocal microscope (Carl Zeiss AG) driven by ZEN2013 software (Carl Zeiss AG).

TUNEL assays {#SEC2-8}
------------

TUNEL assays were performed with the TUNEL BrightGreen Apoptosis Detection Kit (Vazyme, A112-03) and the In Situ Cell Death Detection Kit (Roche Diagnostics, 11684795910), as described previously ([@B40]).

Germ cell purification {#SEC2-9}
----------------------

Germ cells purification was performed following a published protocol ([@B41]) with modifications. Briefly, testes were collected from male mice at postnatal day 10 and 14. Testes tissue was digested with 1 mg/ml collagenase type IV (Invitrogen, 17104-019) for 15 min, followed by 0.25% trypsin/1 mM EDTA digestion (Gibco, 25200-072) for 10 min. Dispersed cells were cultured in cell culture dishes for 24 h. During this time, Sertoli cells attach to the bottom of the dish ([@B42]), such that cells in suspension cells were enriched for germ cells ([@B41]). Cells in suspension were collected, and washed by DPBS (Gibco, 14190-144) for the follow-up tests.

Transmission electron microscopy {#SEC2-10}
--------------------------------

The adult mouse testes were dissected and fixed with 2.5% (v/v) glutaraldehyde in 0.2 M cacodylate buffer (50 mM cacodylate, 50 mM KCl, and 2.5 mM MgCl~2~, pH 7.2) overnight. After washing in cacodylate buffer, the tissues were cut into small pieces of approximately 1 mm^3^ and immersed in 1% OsO~4~ in 0.2 M cacodylate buffer for 2 h at 4°C. Next, the samples were washed and submerged in 0.5% uranyl acetate overnight, dehydrated through a graded ethanol series, and embedded in resin (Low Viscosity Embedding Media Spurr\'s Kit, EMS, 14300). Ultrathin sections were cut on an ultramicrotome and mounted on copper grids. The sections then were stained with uranyl acetate and lead citrate for 10 min and observed using a JEM-1400 transmission electron microscope (JEOL).

Yeast two-hybrid assays {#SEC2-11}
-----------------------

Yeast two-hybrid assays were performed as described previously ([@B43]). Mouse *Fbxo47* and *Sun1 C* (residues 458--913) were subcloned into the *pGBT9* plasmid as the bait. Mouse *Skp1* and *Kash LR* (residues 627--648) were subcloned into the *pGAD424* plasmid as the prey. The bait and prey plasmids were co-transformed into PJ69-4a and selected on an SD-Leu-Trp-His plate.

Co-immunoprecipitation {#SEC2-12}
----------------------

Co-immunoprecipitation was performed on *Fbxo47-flag* mouse testes with anti-FLAG antibodies. Briefly, testes (200 mg) were homogenized in 2 ml of lysis buffer (25 mM Tris, pH 7.4, 500 mM NaCl, 1 mM EDTA, 1% NP-40 and 5% glycerol) with 1× protease inhibitor cocktail (Selleckchem, B14002). The lysate was incubated on ice for 40 min, followed by centrifugation at 12 000 g for 20 min at 4°C. The supernatant was transferred to a new tube and used for immunoprecipitation followed by western blotting.

*pCS2-Myc-Fbxo47* and *pRK-Flag-Trf1* or *pRK-Flag-Trf2* were co-transfected into HEK293T cells. Transfected cells were lysed in TAP lysis buffer (50 mM HEPES-KOH, pH 7.5, 100 mM KCl, 2 mM EDTA, 10% glycerol, 0.1% NP-40 10 mM NaF, 0.25 mM Na~3~VO~4~ and 50 mM β-glycerolphosphate) plus protease inhibitors (Roche, 04693132001) for 30 min on ice and centrifuged at 13 000 g for 15 min. For immunoprecipitation, cell lysates were incubated with anti-FLAG or anti-MYC antibodies overnight at 4°C and then incubated with protein A-Sepharose (GE, 17-1279-03) for 2 h at 4°C. Thereafter, the precipitants were washed two times with IP buffer (20 mM Tris, pH 7.4, 2 mM EGTA and 1% NP-40), and the immune complexes were eluted with sample buffer containing 1% SDS for 10 min at 95°C and analyzed by immunoblotting.

Ubiquitination assay {#SEC2-13}
--------------------

*pCS2-Myc-Fbxo47*, *pRK-Flag-Trf1* or *pRK-Flag-Trf2* and *pCMV-HA-Ubiquitin* were co-transfected into HEK293T cells. The transfected cells were lysed in TAP lysis buffer plus protease inhibitors for 30 min on ice and centrifuged at 13 000 g for 15 min. The cell lysates were incubated with an anti-FLAG antibody overnight at 4°C and then incubated with protein A-Sepharose (GE, 17-1279-03) for 2 h at 4°C. Then, the precipitants were washed 4 times with TAP lysis buffer, and the immune complexes were analyzed by immunoblotting. For *in vitro* ubiquitination assays, *pCS2-Myc-Fbxo47* was transfected into HEK293T cells and immunoprecipitated using an anti-MYC antibody. E1, UbcH5c, ad GST-TRF1 or FLAG-TRF2, and FLAG-Ub (10 nM) were incubated with immune complexes of FBXO47 at 37°C in buffer containing 25 mM Tris--HCl (pH 7.4), 2 mM magnesium/ATP, and 0.1 mM DTT for 1 h. Ubiquitination of TRF1 or TRF2 was detected by immunoblotting.

Cycloheximide chase assay {#SEC2-14}
-------------------------

Cycloheximide experiments were performed as described below. HEK293T cells transfected with *pCS2-Myc-Fbxo47*, *pRK-Flag-Trf1* or *pRK-Flag-Trf2* were treated with CHX (10 mg/ml) for 1 to 12 h to inhibit *de novo* protein synthesis; subsequently, the degradation of TRF1 or TRF2 was examined using immunoblotting.

Quantitative co-localization analysis {#SEC2-15}
-------------------------------------

The quantitative co-localization analysis was performed by means of the ImageJ software, in particular by using the Just Another Co-localization Plugin (JACoP) plugin ([@B44]).

Statistical analysis {#SEC2-16}
--------------------

Numerical data are presented as mean ± SEM. The statistical significance of the difference between the mean values for the different genotypes was examined using Student\'s *t*-test with a paired two-tailed distribution. The data were considered significant when *P* \< 0.05 (\*), 0.01(\*\*), 0.001(\*\*\*) or 0.0001(\*\*\*\*).

RESULTS {#SEC3}
=======

FBXO47 is predominantly expressed in male germlines with specific localization in the spermatocytes {#SEC3-1}
---------------------------------------------------------------------------------------------------

FBXO47 belongs to the F-box family of proteins, of which most members are components of Skp1-Cul1-F-box protein-type (SCF-type) ubiquitin ligases ([@B45],[@B46]). *Fbxo47* is an evolutionarily conserved gene ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), and the conservation of this F-box motif among species suggests it might have a conserved function.

The expression pattern of *Fbxo47* transcripts in mouse tissues was analyzed by real-time q-PCR. *Fbxo47* transcripts were found to be abundantly expressed in testis (Figure [1A](#F1){ref-type="fig"}). In the mouse testis, the first round of spermatogenesis is fairly synchronous. To determine the temporal expression of *Fbxo47*, we performed q-PCR from testis tissues collected at different postnatal days (P) to capture the leading edge of the first wave of spermatogenesis. The analysis showed that transcripts of *Fbxo47* were first detected at approximately P8, with a continual increase occurring from P10 to P14; which is the developmental stage corresponding to the emergence of meiotic spermatocytes in mouse testes (Figure [1B](#F1){ref-type="fig"}) ([@B17],[@B47]).

![Distribution pattern of FBXO47 in the testis. (**A**) Real-time q-PCR for *Fbxo47* in various mouse tissues with *18S* rRNA as a control. Error bars, SEM (*n* = 3). (**B**) Real-time q-PCR of testis samples at various postnatal days with *18S* rRNA as a control. Error bars, SEM (*n* = 3). (**C**) Orthogonal z-stack projections of spermatocytes stained with the indicated antibodies. Testis cells in suspension were prepared with a mild hypotonic treatment and then fixed in Triton X-100 ([@B39]). Bars, 5 μm. (**D**) Nuclear colocalization of TRF2 and FBXO47 (nuclear equator). TRF2 co-localizes with FBXO47 at the INM. Arrowheads mark TRF2 located at the nuclear periphery. Hollow arrowheads mark TRF2 at the nuclear internal domain. Asterisks indicate FBXO47 at the nuclear internal domain. Bars, 5 μm. (**E**) Quantitative co-localization analysis of TRF2 and FBXO47 of the cell shown in panel (D).](gkz992fig1){#F1}

We generated an antibody specific for mouse FBXO47. The expression of FBXO47 in mouse spermatocytes was verified by immunofluorescence (IF) with hypotonic treatment and Triton X-100 permeabilization ([@B39]). FBXO47 foci were distributed on the nuclear surface during the early stage of meiotic prophase I (Figure [1C](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Using the expression pattern of SYCP3 to define meiotic stages, we found FBXO47 is expressed at the onset of meiosis (Figure [1C](#F1){ref-type="fig"}). During this stage, meiotic telomeres have been attached to the INM and the chromosome 'bouquet' formed. We next evaluated the potential interaction of FBXO47 with other meiosis-related proteins and found that FBXO47 co-localized with TRF2 (Figure [1D](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}). More importantly, FBXO47 only accumulated at TRF2 protein when telomeres relocate to the nuclear periphery, but not at TRF2 located in the internal domain of the nucleus at preleptotene (Figure [1D](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}). FBXO47 co-localized with of TRF2 at the nuclear periphery at the preleptotene and leptotene (Figure [1D](#F1){ref-type="fig"}). During these stages, only 25% FBXO47 foci were localized in the internal domain of nucleus and not co-localized with TRF2 (Figure [1D](#F1){ref-type="fig"}). The function of FBXO47 in non-telomeric regions remains unclear, but we speculate that the internal localization may reflect stages of FBXO47 transport prior to binding to TRF2. In summary, we observe FBXO47 is present in male germ cells at the early stage of meiotic prophase I and co-localizes with TRF2 at the nuclear periphery (Figure [1D](#F1){ref-type="fig"}). We therefore conclude that FBXO47 is a telomere-associating protein and hypothesize that FBXO47 may be involved in telomere attachment and bouquet formation.

Fbxo47 is indispensable for spermatogenesis in mice {#SEC3-2}
---------------------------------------------------

To determine the function of *Fbxo47*, we obtained mice that were heterozygous for a knockout mutation of the *Fbxo47* allele (Fbxo47^tm1a(EUCOMM)Wtsi^; herein referred to as Fbxo47^−/−^) from the Wellcome Trust Sanger Institute (Figure [2A](#F2){ref-type="fig"}). The Fbxo47^−/−^ mice had been generated as part of the Knockout Mouse Project (KOMP) ([@B51]). We intercrossed *Fbxo47*^+/−^ males with *Fbxo47*^+/−^ females to obtain homozygous males (*Fbxo47*^−/−^) and their control littermates (*Fbxo47*^+/+^). Western blot analysis confirmed the absence of the FBXO47 protein in *Fbxo47^−/−^* testes (Figure [2B](#F2){ref-type="fig"}). Homozygous *Fbxo47*^−/−^ males showed no overt abnormality in development or behavior. To test their fertility, *Fbxo47*^−/−^ and *Fbxo47*^+/+^ males were mated to wild-type females for 2 months. The number of offspring per litter was recorded. Eight *Fbxo47*^+/+^ males had 8 ± 1.03 pups per litter, whereas *Fbxo47*^−/−^ males failed to sire any offspring despite copulation plugs being observed. However, homozygous females (*Fbxo47*^−/−^) were fertile (Figure [2C](#F2){ref-type="fig"}). These results demonstrated that *Fbxo47* is required for male fertility in mice.

![*Fbxo47* null males display azoospermia and arrest of meiosis. (**A**) Schematic of the *Fbxo47*^tm1a(KOMP)Wtsi^ (*Fbxo47*^−^) allele from the Wellcome Trust Sanger Institute. (**B**) Western blot analysis of *Fbxo47^+/+^* and *Fbxo47^−/−^* testes with a mouse polyclonal antibody raised against FBXO47. (**C**) Breeding results from *Fbxo47* homozygous (*Fbxo47*^−/−^) and heterozygous mice (*Fbxo47*^+/−^). Error bars, SEM (*n* = 8); \*\*\*\**P* ≤ 0.0001. (**D**) Testes from 8-week-old mice with the indicated genotypes. (**E**) Hematoxylin and eosin-stained histological cross-sections of testes from adults. B, type B spermatogonia; PL, preleptotene; P, pachytene; RS, round spermatids; ES, elongated spermatids; Asterisks, loss of germ cells. Bar, 50 μm. (**F**) Immunofluorescence staining of γH2AX and SHCBP1L in *Fbxo47*^+/+^ and *Fbxo47*^−/−^ histological cross-sections. Scale bar, 50 μm.](gkz992fig2){#F2}

Causes of male infertility range from defects in spermatogenesis to impairments in fertilization once the spermatozoa reach the egg ([@B52]). To investigate the functional role of FBXO47 in spermatogenesis, we carried out histological analyses on testes from *Fbxo47*^−/−^ mice. The testes of adult *Fbxo47*^−/−^ mice were much smaller in size and weight than those of their *Fbxo47*^+/+^ littermates (Figure [2D](#F2){ref-type="fig"}). Only abnormal spermatocyte-like cells were observed in some seminiferous tubules, and round spermatids and spermatozoa were completely absent in *Fbxo47*^−/−^ testes, suggesting that *Fbxo47* is essential for meiotic progression (Figure [2E](#F2){ref-type="fig"}) ([@B31]). TUNEL assays revealed that extensive apoptotic events in the *Fbxo47*^−/−^ seminiferous tubules may account for the elimination of round spermatids and spermatozoa in the *Fbxo47*^−/−^ testis ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The expression of a mid-pachytene marker, SHCBP1L ([@B36]), in *Fbxo47*^+/+^ and *Fbxo47*^−/-^ testes was then evaluated by immunofluorescence. Although the seminiferous tubules in *Fbxo47*^−/−^ testes in stage IV contained dying spermatocytes (Figure [2E](#F2){ref-type="fig"}), SHCBP1L could not be detected in the remaining germ cells of *Fbxo47*^−/−^ testes (Figure [2F](#F2){ref-type="fig"}), confirming that the *Fbxo47*^−/−^ spermatocytes died before the mid-pachytene stage. To investigate the starting point for apoptosis in *Fbxo47*^−/−^ spermatocytes, we performed TUNEL assays on testes from *Fbxo47*^+/+^ and *Fbxo47*^−/−^ mice at P14. Yet no differences in apoptosis were observed at P14 ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). We therefore conclude that FBXO47 plays a crucial role in meiosis and that deletion of this protein causes spermatocyte apoptosis before the mid-pachytene stage.

Impaired DNA double-strand break repair in *Fbxo47* knockout mice {#SEC3-3}
-----------------------------------------------------------------

To monitor meiotic recombination in *Fbxo47*^−/−^ spermatocytes, we evaluated the formation of DNA double-strand breaks (DSBs). During meiosis, following chromatin changes at recombination hotspots mediated by PRDM9, the SPO11 protein catalyzes the formation of DSBs, eliciting the DNA damage response ([@B53]) and leading to activation of the ATM kinase and subsequent phosphorylation of H2AX (termed γH2AX). During the leptotene and zygotene stages, γH2AX is present on autosomal chromatin and distributes widely throughout the nucleus (Figure [3A](#F3){ref-type="fig"}). The presence of strong γH2AX signals suggested that DSBs were formed in *Fbxo47*^−/−^ leptotene and zygotene spermatocytes (Figure [3A](#F3){ref-type="fig"}). In normal spermatocytes, γH2AX disappears from the autosomes after meiotic DSB repair and becomes restricted to the XY chromatin during the pachytene and diplotene stages, concomitant with meiotic sex chromatin inactivation (Figure [3A](#F3){ref-type="fig"}). However, late-zygotene arrest *Fbxo47*^−/−^ spermatocytes remained γH2AX-positive in some sections of the autosomes, especially the terminus (Figure [3A](#F3){ref-type="fig"}), suggesting that DNA double-strand repair was compromised in *Fbxo47^−/−^* spermatocytes.

![Uncompleted double-strand repair and synapsis. (**A**) Spread spermatocytes from *Fbxo47*^+/+^ and *Fbxo47*^−/−^ males were immunostained with anti-SYCP3 and anti-γ-H2AX antibodies. Arrows indicate the sex body; Arrowheads indicate impaired double-strand repair. Scale bars, 10 μm. (**B**) Spread spermatocytes from *Fbxo47*^+/+^ and *Fbxo47*^−/−^ males were immunostained for synaptonemal complex proteins (SYCP3 and SYCP1). Scale bars, 10 μm. (**C**) Frequencies of meiotic stages in testes from 8-week-old mice with the indicated genotypes. SYCP3-positive spermatocytes (889 cells were counted) are classified into the following substages: Lep, leptotene (no SYCP1); Zyg, zygotene (partially assembled SYCP1); Pac, pachytene (fully assembled SYCP1); Dip, diplotene (disassembled SYCP1); Met I, metaphase I (no SYCP1 and SYCP3 accumulation at centromeres). Mean values of three independent experiments from three different mice are shown. Error bars, SEM (*n* = 3).](gkz992fig3){#F3}

Meiotic recombination is executed by the coordinated actions of a large number of DNA repair proteins ([@B58],[@B59]). We examined the single-stranded DNA-binding proteins RPA1 and DMC1 ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). These DNA repair proteins form distinct foci on meiotic chromosomes. The RPA heterotrimer consists of RPA1, RPA2 and RPA3, which bind to the ssDNA ends of the meiotic DSBs ([@B60]). DMC1 is a recombinase that recruits filaments on RPA-coated ssDNA and directs strand invasion into homologous chromosomes, which is required for crossover formation, homologue pairing, and chromosomal synapsis ([@B61]). The number of RPA and DMC1 foci was similar between *Fbxo47*^+/+^ and *Fbxo47*^−/−^ at the zygotene stage ([Supplementary Figure S5B, D](#sup1){ref-type="supplementary-material"}). These data suggested that the initialization of meiotic recombination was not influenced by FBXO47 depletion.

Disruption of FBXO47 causes spermatogenesis arrest at the late-zygotene stage {#SEC3-4}
-----------------------------------------------------------------------------

We assessed the impact of FBXO47 disruption on chromosomal synapsis by immunofluorescence of spermatocyte spreads using antibodies derived against SYCP1, a component of transverse elements in the synaptonemal complex (SC) ([@B62],[@B63]). SC axial elements are formed during the leptotene stage, initiate synapsis through physical juxtaposition during the zygotene stage, achieve full synapsis on autosomes during the pachytene stage, and are subsequently separated during the diplotene stage ([@B58],[@B64]). *Fbxo47*^+/+^ pachytene spermatocytes contained fully synapsed autosomes, whereas the most advanced spermatocytes from *Fbxo47*^−/−^ males were at a late-zygotene stage, characterized by apparent chromosome pairing and formation of SC axial elements (SYCP3) without complete chromosomal synapsis (Figure [3B](#F3){ref-type="fig"} and [3C](#F3){ref-type="fig"}). We observed the synapsis complex of the *Fbxo47*^−/−^ late-zygotene arrest cells by super-resolution microscopy (SIM). The unaccomplished synapsis was always found near the telomeres (Figure [3B](#F3){ref-type="fig"}), which is a mark of late-zygotene arrest.

Loss of FBXO47 leads to arrest of chromatin remodelling in spermatocytes {#SEC3-5}
------------------------------------------------------------------------

Telomeres are central players in meiotic prophase I, and although the underlying mechanisms remain poorly understood, the initial steps of meiotic prophase I are strongly linked to telomeres ([@B9],[@B65]). At the onset of meiosis, telomeres are presumed to be lengthened in two ways, alternative lengthening of telomeres by telomerase (ALT) ([@B66]) and mechanical fortification by the addition of cohesins ([@B69]). Successful lengthening prepares the telomeres for anchoring to the nuclear envelope (NE), and anchored telomeres are then pulled along the NE to form 'bouquet' clusters.

To investigate the function of telomeres, we performed TRF1/LAMIN B staining on the testis suspension. TRFI foci were observed at the edge of the nucleus in both *Fbxo47*^+/+^ and *Fbxo47*^−/-^ spermatocytes. Although the density of TRF1 immunofluorescence was not decreased in *Fbxo47^−/−^* spermatocytes compared with controls, an increased number of spermatocytes with clustered telomeres indicated a possible temporal extension of the 'bouquet stage' in *Fbxo47*^−/−^ cells ([Supplementary Figure S6A and B](#sup1){ref-type="supplementary-material"}). Interestingly, a subset of TRF1 foci remained in the nuclear internal domain at the bouquet stage, although attachment to the nuclear membrane should have been completed at the preleptotene stage ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}). We speculate that the telomere attachment plate may be defective in *Fbxo47*^−/−^ spermatocytes. To quantify the localization of telomeres to the nuclear periphery, we counted the number of TRF1 foci located in the nuclear internal domain of spermatocytes (Figure [4C](#F4){ref-type="fig"}). TRF1 foci were largely absent from the internal compartment of the nuclei of *Fbxo47^+/+^* spermatocytes, indicating that most telomeres were anchored at the INM. In contrast, *Fbxo47^−/−^* contained a significantly larger number of TRF1 foci in the internal nuclear compartment, indicating that the telomeres of *Fbxo47^−/−^* spermatocytes had not attached to the INM (Figure [4](#F4){ref-type="fig"}A−C). To explore the telomere attachment status, we examined telomere attachment by investigating the ultrastructures of meiotic telomeres using electron microscopy (EM). While conical electron-dense thickenings of synapsed telomeres and capping structures attached to the INM were observed in *Fbxo47*^+/+^ spermatocytes, an increased number of telomeres were detached in *Fbxo47^−/−^* spermatocytes (Figure [4D](#F4){ref-type="fig"}). Our results suggest that FBXO47 may regulate telomere attachment.

![FBXO47 is indispensable for telomere attachment. (**A**) Equator images of spermatocytes at zygotene, stained with the indicated antibodies. Arrowheads indicate internal telomeres and arrows indicate telomeres at the nuclear periphery. Scale bars, 10 μm. (**B**) Graphs showing the ratio of spermatocytes with telomeres detached from the INM. (**C**) Graphs showing the number of internal TRF1 foci per image (*n* \> 30 cells for each genotype). Error bars, SEM, \*\*\**P* \< 0.001. (**D**) Electron microscopic images of telomeres (arrowheads) and INMs (arrows) in spermatocytes of the indicated genotypes, with schematics representing the structures. NE, nuclear envelope; AP, attachment plate; CH, chromatin; SC, synaptonemal complex. Scale bars, 200 nm.](gkz992fig4){#F4}

Thus, we proposed that there must be developmental defects in bouquet stage spermatocytes due to FBXO47 depletion. We then investigated the 3D structure of chromatin in 'bouquet stage' spermatocytes with a Carl Zeiss CrossBeam 550 scanning electron microscope (SEM) equipped with a focused ion beam (FIB). During the bouquet stage, a dense structure was formed along the INM with a jagged interspace in *Fbxo47*^+/+^ spermatocytes ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). Additionally, meiotic telomeres attached to the INM through the dense structure ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). In contrast, in *Fbxo47*^−/−^ spermatocytes, the dense structures were incomplete and remained close to the NE without an obvious interspace. The function of this dense structure remains to be studied. Our data suggest that deficiency of FBXO47 impairs the structure of the bouquet.

Disruption of FBXO47 causes aberrations in telomere-protecting proteins {#SEC3-6}
-----------------------------------------------------------------------

In recent years, mounting evidence from diverse mammalian species has indicated that the progression of meiotic prophase I depends on the telomere-led rapid movement of chromosomes along the NE ([@B20],[@B70],[@B71]). A prerequisite for this rapid chromosome movement is the attachment of telomeres to the NE, where the transmembrane linker of the nucleoskeleton and cytoskeleton (LINC) complex, SUN1-KASH5 ([@B72]), serves as a structural bridge to connect telomeres to the cytoskeleton and conducts forces generated in the cytoplasm to the ends of the chromosomes ([@B71],[@B73]). The SUN1 was detected by immunofluorescence. Although SUN1 accumulation at telomeres was observed in *Fbxo*47^−/−^ spermatocytes, the intensity of signal was much weaker in *Fbxo*47^−/−^ cells. Magnified views of telomeres revealed that in *Fbxo47*^+/+^ spermatocytes, SUN1 foci on homologous chromosomes seemed to merge with each other after telomere synapsis. However, in *Fbxo47*^−/−^ late-zygotene cells, the SUN1 foci remained separated (Figure [5A](#F5){ref-type="fig"}).

![Telomere-binding protein aberrations in FBXO47-deficient spermatocytes. (**A**) Spread spermatocytes from *Fbxo47*^+/+^ and *Fbxo47*^−/−^ males were stained with anti-SYCP3 and anti-SUN1 antibodies. Scale bars, 10 μm. (**B**) Spread spermatocytes from *Fbxo47*^+/+^ and *Fbxo47*^−/−^ males were stained with anti-SYCP3 and anti-TRF1 antibodies. Scale bars, 10 μm. (**C**) Graphs showing the TRF1 intensities per cells (n \> 30 cells for each genotype). (**D**) Spread spermatocytes from *Fbxo47*^+/+^ and *Fbxo47*^−/−^ males were stained with anti-SYCP3 and anti-TRF2 antibodies. Scale bars, 10 μm. (**E**) Graphs showing the TRF2 intensities per cells (*n* \> 30 cells for each genotype). TRF1 signal intensity: *Fbxo47^+/+^*, 8.769 ± 0.351; *Fbxo47^−/−^*, 9.786 ± 0.6768; TRF2 signal intensity, leptotene: *Fbxo47^+/+^*, 23.873 ± 5.414; *Fbxo47^−/−^*, 19.660 ± 4.207; Zygotene: *Fbxo47^+/+^*, 38.046 ± 7.281; *Fbxo47^−/−^*, 18.953 ± 13.110. (**F**) FBXO47 is expressed in murine germ cells at P10 and P14. TRF2 is destabilized in *Fbxo47*-deficient germ cells. β-ACTIN served as a loading control.](gkz992fig5){#F5}

In addition to SUN1, several telomere-protecting proteins also play important roles in mediating telomere movement, such as the shelterin complex ([@B74]). We examined TRF1 and TRF2, which are core subunits of the shelterin complex involved in anchoring telomeres to the NE ([@B69]). Through the immunofluorescence, we found TRF2 protein expression was remarkably reduced in *Fbxo*47^−/-^ spermatocytes, while TRF1 protein expression was not notably influenced (Figure [5B](#F5){ref-type="fig"}--[E](#F5){ref-type="fig"}). We next determined the levels of TRF1 and TRF2 in *Fbxo47*-deficient germ cells. As the onset of spermatogenesis is fairly synchronous in the mice testis, we selected testes from mice at P10 and P14, during which time the most advanced germ cells have passed preleptotene and zygotene respectively ([@B17],[@B47]). We performed Western blot analysis of cell extracts from purified germ cells. The expression level of the TRF1 protein was not dramatically affected. However, TRF2 was significantly down regulated in *Fbxo47* deficient germ cells, which might be related to the loss of FBXO47 (Figure [5F](#F5){ref-type="fig"}). Our results suggest that FBXO47 may regulate telomere attachment through SUN1 and TRF2.

FBXO47 interacts with TRF1 and TRF2 {#SEC3-7}
-----------------------------------

To further investigate the molecular function of FBXO47, we employed CRISPR/Cas9 to create a FBXO47 C-terminal FLAG-tagged knock-in mouse line (Figure [6A](#F6){ref-type="fig"}). To confirm successful expression of the FBXO47-FLAG fusion protein *in vivo*, we performed immunoprecipitation (IP) with a commercial anti-FLAG antibody. To avoid non-specific antibody binding, we used a FLAG antibody produced by a different company for Western blot analysis. A band of ∼55 kDa, which was consistent with the theoretical molecular weight of the FBXO47-FLAG fusion protein, was detected (Figure [6B](#F6){ref-type="fig"}). To determine whether FBXO47 regulates the expression of TRF1/TRF2 and SUN1 directly, we performed co-immunoprecipitation (co-IP) with testis lysates from these *Fbxo47-flag* knock-in mice using an anti-FLAG antibody. Results of co-IP analysis indicated that FBXO47 bound TRF1 and TRF2 directly but did not bind SUN1 (Figure [6B](#F6){ref-type="fig"}).

![Disruption of *Fbxo47* destabilizes TRF2. (**A**) Schematic of FLAG-tagged alleles of endogenous Fbxo47 generated using CRISPR/Cas9. A 2-aa (Gly-Ser) spacer was added. (**B**) Co-IP analysis of FBXO47-FLAG and indicated proteins from *Fbxo47-flag* testicular protein extracts. (**C** and **D**) FBXO47 interacts with TRF1 and TRF2. *pCS2-Myc-Fbxo47* and *pRK-Flag-Trf1* or *pRK-Flag-Trf2* were co-transfected into HEK293T cells. After 24 h, the cells were collected for immunoprecipitation (IP) with an anti-MYC (**C**) or anti-FLAG (**D**) antibody and analyzed with an anti-MYC and anti-FLAG antibodies. (**E**) The over-expression of FBXO47 has no influence on TRF1 ubiquitination. *pCS2-Myc-Fbxo47*, *pRK-Flag-Trf1* and *pCMV-HA-Ubiquitin* were co-transfected into HEK293T cells. After 24 h, the cells were collected for immunoprecipitation (IP) with an anti-FLAG antibody and analyzed with anti-HA, anti-FLAG and anti-MYC antibodies. (**F**) FBXO47 impairs the ubiquitination of TRF2. *pCS2-Myc-Fbxo47*, *pRK-Flag-Trf2* and *pCMV-HA-Ubiquitin* were co-transfected into HEK293T cells. After 24 h, cells were collected for immunoprecipitation (IP) with an anti-FLAG antibody and analyzed with anti-HA, anti-FLAG and anti-MYC antibodies. (G and H) FBXO47 stabilizes TRF2, rather than TRF1. Cycloheximide chase (CHX) assays of TRF1 (**G**) and TRF2 (**H**) were performed in FBXO47-over-expressing or empty vector-transfected samples. (**I**) Quantification of the relative TRF2 levels in (I).](gkz992fig6){#F6}

Disruption of *Fbxo47* destabilizes TRF2 {#SEC3-8}
----------------------------------------

As FBXO47 belongs to the F-box protein family, whose members are key recognition subunits of Skp1-Cullin1-F-Box protein (SCF) E3 ubiquitin ligase complexes ([@B82]), we speculated that FBXO47 might regulate telomere-IMN integration during meiosis by recognizing and promoting specific substrates for proteasome degradation. To test this hypothesis, we first evaluated the interaction between FBXO47 and SKP1, which links F-box proteins and other subunits of SCF complexes. As shown in [Supplementary Figure S9A--C](#sup1){ref-type="supplementary-material"}, FBXO47 indeed interacted with SKP1, indicating that FBXO47 likely cooperates with other components to form SCF complexes. Next, we examined the E3 ubiquitin ligase activity of FBXO47 immunoprecipitants and found that FBXO47 functioned as a component of SCF complexes to catalyze the formation of ubiquitin chains ([Supplementary Figure S9D](#sup1){ref-type="supplementary-material"}). Therefore, FBXO47 should be a subunit of the SCF complex, which contains an E3 ubiquitin ligase.

Since FBXO47 can directly bind TRF1 and TRF2, these two proteins might be substrates of SCF^FBXO47^. We carried out co-IP on HEK293T cells with simultaneous over-expression of *pCS2-Myc-Fbxo47* and *pRK-Flag-Trf1* or *pRK-Flag-Trf2*, and we found FBXO47 indeed interacted with TRF1 and TRF2 (Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}). Further investigation showed that SCF^FBXO47^ could not add ubiquitin chains to TRF1 either *in vitro* or *in vivo* (Figure [6E](#F6){ref-type="fig"} and [Supplementary Figure S9E](#sup1){ref-type="supplementary-material"}), and the over-expression of FBXO47 had no influence on the degradation of the TRF1 protein (Figure [6G](#F6){ref-type="fig"}), indicating that TRF1 might not be a substrate of SCF^FBXO47^ during meiosis. However, over-expression of FBXO47 dramatically impaired the ubiquitination of TRF2 (Figure [6F](#F6){ref-type="fig"}), and SCF^FBXO47^ could not assemble ubiquitin chains on TRF2 *in vitro* ([Supplementary Figure S9F](#sup1){ref-type="supplementary-material"}). Furthermore, CHX assays of TRF2 showed that the over-expression of FBXO47 could stabilize TRF2 (Figure [6H](#F6){ref-type="fig"} and [I](#F6){ref-type="fig"}). This result was consistent to the deficiency of TRF2 in the *Fbxo47^−/−^* germ cells (Figure [5D](#F5){ref-type="fig"}, [E](#F5){ref-type="fig"} and [F](#F5){ref-type="fig"}). Thus, the disruption of *Fbxo47* destabilizes TRF2 during meiosis. Although FBXO47 may not function as a recognition subunit of the SCF complex, it may function as a ubiquitination inhibitor by binding to TRF2 to prevent its degradation (Figure [7](#F7){ref-type="fig"}).

![Schematic of meiosis-specific telomere shelterin protection in mammals. FBXO47 prevents TRF2 degradation as a ubiquitination inhibitor during meiosis and maintains telomere shelterin integrity for initial telomere attachment. The absence of FBXO47 destabilizes TRF2 during meiosis and disrupts telomere shelterin protein localization and attachment to the inner nuclear membrane.](gkz992fig7){#F7}

DISCUSSION {#SEC4}
==========

Meiosis is an evolutionarily conserved process that is crucial to gamete formation for zoogamy. During meiosis, rapid chromosome movement along the nuclear envelope and clustering of chromosome ends during the bouquet stage are essential for the pairing and recombination of homologous chromosomes. Over the past decade, a number of telomere-associated proteins have been reported ([@B13],[@B72],[@B81],[@B83],[@B84]). However, the molecular architectures that drive dynamic changes in meiotic telomeres have not been elucidated. In this study, we identified a novel testis-enriched protein named FBXO47. FBXO47 is localized at the telomeres attached to the INM and clustered on the spermatocyte nuclear envelope during the bouquet stage, and male *Fbxo47* knockout mice showed an arrest of meiosis before the early pachytene stage with failure of double-strand repair and synapsis complex formation (Figure [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). *Fbox47^−/−^* testes contain abundant bouquet stage spermatocytes and a subset of the telomeres are detached from the NE (Figure [4](#F4){ref-type="fig"}). Taken together, our results indicate that FBXO47 is a specific regulator that is essential for telomere function during the bouquet stage.

Telomere attachment is regulated by an extensive protein network. *Sun1*^−/−^ mice were the first genetic model to provide functional insights into telomere-NE attachment during meiosis in mammals. Deficiency of SUN1 caused a failure of telomere attachment, recombination and synapsis ([@B72]). TRF1 and TRF2 are core components of the shelterin complex. TRF1/TRF2 were found to be essential for telomeres attachment during meiosis ([@B8],[@B85],[@B86]). Here, we demonstrate that FBXO47 is required for the telomere localization of SUN1 and TRF2 (Figure [5](#F5){ref-type="fig"}), which may be the cause of the defect of telomere attachment (Figure [4](#F4){ref-type="fig"}).

FBXO47 belongs to the F-box protein family, whose members are the key recognition subunits of Skp1-Cullin1-F-Box protein (SCF) E3 ubiquitin ligase complexes ([@B82]). Our data show that FBXO47 could work as a component of SCF to catalyze ubiquitin chain formation ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). However, FBXO47 directly interacts with TRF2 to protect it from ubiquitination, thus stabilizing the shelterin complex (Figure [6](#F6){ref-type="fig"}). TRF1 connects to TRF2 through TIN2 ([@B78],[@B87]), and depletion of TRF1 affects the telomeric association of TRF2 ([@B88]). In our study, FBXO47 interacted directly with TRF1 but did not affect the ubiquitination of TRF1. Furthermore, the immunoblotting results showed that the level of TRF1 was not dramatically affected in *Fbxo47*-deficient testis. In addition, TRF2 is usually recognized as a telomere-protecting protein; however, the destabilization of TRF2 leads to spermatocyte arrest without telomere fusion. Therefore, TRF2 might have a specific function during meiosis.

Our identification and characterization of TRF2 stability highlights the elaborate regulatory processes that occur during telomere attachment. In past decades, multiple proteins and complexes have been identified. The SUN1--KASH complex proteins were the earliest proteins identified as connecting structures between telomeres and the NE ([@B72]). Dernburg et al. discovered that cytoskeletal forces coordinate meiotic chromosome pairing and synapsis ([@B16]). Watanabe and co-workers identified the multi-subunit TERB1/2-MAJIN complex as a driving force of telomere cap exchange during meiotic progression ([@B13]). In addition, a drastic reformation of INM proteins takes place specifically during meiosis, such as the expression of the meiosis-specific short isoform of the lamina protein lamin C2 ([@B89]) and the reorganization of the nuclear pore complex ([@B92]). Furthermore, chromosome movement during meiosis is regulated by multiple protein modifications, especially meiosis-specific phospho-modifications by CDK2 in mammals ([@B65],[@B84],[@B93]) and by CHK2 and PLK2 in nematodes ([@B94]). F-box proteins are involved in meiotic cell cycle by governing the ubiquitination and subsequent degradation of proteins, for example, ZYGO1 functioned as an E3 ligase during the '*bouquet*' stage in rice ([@B97]). To our knowledge, FBXO47 is the first protein that functions as TRF2 protector during meiosis. And we expect to identify which E3 ligase has a function on TRF2 ubiquitination in the near future.
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